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The gut microbiome influences metabolic homeostasis through a variety of mechanisms [1] . These include the generation of metabolites and substances such as lipopolysaccharide (LPS; endotoxin) that affect the function of the major organs involved in maintaining glucose and lipid homeostasis including adipose tissue [1] [2] [3] [4] [5] [6] . Germ-free mice were shown to be resistant to high-fat diet-induced obesity [2] , and subsequent studies in mice indicated that the gut microbiome contributes to obesity [4, 5, [7] [8] [9] . One mechanism promoting obesity is increased energy harvest from the gut microbiome [2, 4, 5] .
In addition to promoting obesity, the gut microbiome has been shown to induce adipose inflammation, and LPS has been implicated in this process [3, 6] . During the assembly of chylomicrons, LPS from bacteria associates with chylomicrons [10] , and there is a transient increase in plasma LPS levels after a fatty meal, which could lead to tissue inflammation from the lipoprotein-LPS complexes [11] [12] [13] . Furthermore, there are strong associations between insulin resistance, diabetes, fat intake, and plasma LPS levels [14] [15] [16] [17] [18] [19] [20] [21] . These findings, often referred to as "metabolic endotoxemia" [22, 23] , suggest that the gut microbiome may be a target for improving metabolic homeostasis, and studies in rodents have shown that antibiotics or prebiotic diets reduce plasma LPS and have beneficial effects on blood glucose [24] [25] [26] .
Rifaximin is a poorly absorbed antibiotic in widespread use for the treatment of hepatic encephalopathy, Escherichia coli-induced traveler's diarrhea, and recurrent Clostridium difficile infection. This drug is well-tolerated and patients are treated for long periods. In addition, rifaximin has been reported to reduce plasma LPS levels in patients with cirrhosis and hepatic encephalopathy [27] [28] [29] [30] . We hypothesized that rifaximin may be beneficial in subjects with metabolic syndrome and insulin resistance through a similar reduction in LPS.
Here we present a placebo-controlled study on the effects of rifaximin treatment on insulin sensitivity, adipose inflammation, and various measures of metabolic homeostasis. We developed a method of measuring plasma LPS levels during an oral lipid tolerance test (OLTT) that addresses important methodological concerns about measuring plasma LPS with limulus amebocyte lysate (LAL) assays [31] , and used this to characterize endotoxemia and to determine whether rifaximin treatment lowers plasma LPS.
Materials and Methods

A. Human Research Participants and Study Design
Rifaximin soluble solid dispersion (SSD) is a formulation of rifaximin that is more gut-soluble and was supplied for this study along with matching placebo tablets by Salix Pharmaceuticals. Rifaximin SSD is given once daily at a dose of 80 mg, which is a lower dose than conventional rifaximin because of the improved solubility. Obese research participants with features of metabolic syndrome were recruited and assigned to placebo control or rifaximin treatment groups and treated for 12 weeks. Of the 12 subjects in this study, 10 were women, but only two were still menstruating; the others were postmenopausal. Of the two menstruating women, their periods were irregular, and it was not possible to time the euglycemic clamps described in the subsequent section to a specific phase of their cycle. The drug/placebo assignment was kept with the pharmacist and was unknown to the investigative team; however, pill counting during compliance visits ensured that participants were taking their assigned drugs. Carbohydrate and lipid metabolism as well as insulin sensitivity were assessed by oral glucose and lipid tolerance tests and euglycemic clamping before and after treatment as described [32] . Briefly, the oral glucose tolerance test (OGTT) was performed using a 75-g glucose challenge. Blood was collected at baseline and 30, 60, 90, and 120 minutes for measurement of glucose and insulin. The OLTT was performed using a high-fat breakfast shake that consisted of boost, corn oil, and cream; the high-fat shake consisted of 50% fat and was adjusted for 40% of daily estimated energy expenditure (see [32] for more detailed methods). Subcutaneous abdominal adipose tissue biopsies were obtained in the fasting state and immediately frozen at 280°C for analysis of mRNA expression. All subjects gave informed consent, and the protocols were approved by the institutional review board at the University of Kentucky.
B. Euglycemic Clamps
Peripheral insulin sensitivity was measured with a euglycemic clamp at two different insulin infusion rates. Upon arriving fasting at the Clinical Research Unit, a retrograde IV was inserted, the hand placed in a warming box, and a peripheral IV line was started for infusions. After a 30-minute period of baseline stabilization, an insulin infusion started at a rate of 0.25 mU/kg/min (low insulin) and a 20% glucose solution was infused at a variable rate to maintain euglycemia. Blood glucose was measured every 5 to 10 minutes, and blood insulin every 10 minutes during the final 30 minutes of the procedure. A steady state was generally attained at 2 hours. At the end of the low insulin infusion, the insulin infusion was increased to 1.0 mU/kg/min (high insulin), again with frequent blood glucose measurement and adjustment of the 20% glucose infusion. Glucose disposal [glucose infusion rate (GIR)] was determined during steady-state glucose infusion during the final 30 minutes of the procedure.
C. Plasma LPS Measurement by Conventional LAL Assays
For the measurement of LPS, we collected blood in citrate collection tubes during the OLTT and prepared plasma. The citrated plasma was diluted 1:5 in endotoxin free water (Lonza, Basel, Switzerland), heat inactivated at 70°C, and stored at 280°C. There is a methodological concern about using LAL assays to measure LPS levels in plasma during a lipid tolerance test because the substrate is not washed away from the LAL reagents before spectrometry. Therefore, substances that block light transmission such as triglycerides or absorb light at the same wavelength as the LAL chromophore will cause a false-positive signal [31] . To attempt to overcome this, we used the ToxinSensor TM Chromogenic LAL Endotoxin Assay kit (L00350; Genscript, Piscataway, NJ) because its high sensitivity would allow us to dilute interfering substances, and we included a control in which no LAL enzyme was added to determine assay interference. To assess this method, we measured plasma LPS in samples collected during an OLTT in a separate group of obese, insulin-resistant research participants at baseline [32] . We included a control reaction that was conducted without addition of the LAL lysate to determine whether the sample was causing a false-positive signal. The standard curve for the assay is shown in Supplementary Fig. 1A [33] . The raw absorbance data (A 545 ) are presented in Supplementary Fig. 1B [33] . LPS did not increase with time during the OLTT using this method.
D. Plasma LPS Measured by a Modified LAL Assay to Unmask LPS
LPS can be masked from detection by proteins in the plasma; therefore, we heat inactivated the samples as described previously and also used endotoxin sample preparation kits, which use protease to eliminate the LPS binding proteins. The heat-inactivated, citrated plasma samples were pretreated with endotoxin sample preparation kits (BioDtech, Inc., Birmingham, AL) and then LPS was measured using the ToxinSensor kit (described above) according to the manufacturer's instructions with and without the addition of LAL enzyme to control for any sample interference. We assessed this method on the placebo and rifaximin OLTT plasma before treatment. The raw absorbance data (A 595 ) for all subjects before treatment are shown in Supplementary Fig. 1C [33] . This modified assay clearly shows an increase in LPS following a lipid-rich meal; this measurement clearly required steps to unmask LPS.
E. Adipose Tissue mRNA Expression
We isolated RNA using the RNeasy Lipid Tissue Mini Kit (Qiagen, 74804) with QIAzol supplied with the kit. We used real-time RT-PCR to measure gene expression of cytokines and adipokines according to [34] . The primer sequences are located in Supplementary Table 1 [35] .
F. Plasma Cytokines and GLP-1
IL-6 and TNF-a were measured using the V-Plex Proinflammatory Panel I kit (K15049D [36] , Mesoscale, Rockville, MD), and MCP1 was measured using the V-Plex Human MCP-1 Kit (K151NND [37] , Mesoscale); assays were quantified using a QuickPlex SQ 120 (Mesoscale). GLP-1 and GIP were measured during the glucose or lipid tolerance tests as indicated using GLP-1 total ELISA (43-GPTHU-E01 [38] , Alpco Diagnostics, Salem, NH), and Human GIP (Total) ELISA (Millipore [39], St. Charles, MO) assays.
G. Calculations
The dilution factor for samples analyzed by the conventional assay was 5, which is the dilution before heat inactivation (1:5). The dilution factor for plasma samples analyzed by the modified assay was 183, which was calculated by multiplying the dilution before heat inactivation (1:5) by the dilutions made during the protease treatment (1:11 in buffer 1; 1:3.33 in buffer 2). Homeostatic model assessment of insulin resistance (HOMA IR) was calculated by multiplying baseline glucose by baseline insulin and dividing by 405. The Matsuda index of insulin sensitivity (S I ) was determined by the following formula: S I 5 10,000/SQRT (baseline glucose 3 baseline insulin 3 (baseline glucose 1 30 minutes glucose 3 2 1 60 minutes glucose 3 2 1 90 minutes glucose 3 2 1 120 minutes glucose)/8 3 (baseline insulin 1 30 minutes insulin 3 2 1 60 min insulin 3 2 1 90 minutes insulin 3 2 1 120 minutes insulin)/8). The insulinogenic index was calculated by the following formula: I 5 (30 minutes insulin 2 baseline insulin)/(30 minutes glucose -baseline glucose). The disposition index was determined by multiplying the Matsuda index by the insulinogenic index.
H. Statistics
Data are presented as mean 6 SEM and were analyzed by paired, two-tailed Student t tests. Treatment differences were determined by calculating the change by each treatment and then performing an unpaired Student t test. Time course analyses of LPS levels during OLTTs were analyzed by two-way ANOVA. Statistical calculations were performed in GraphPad Prism, version 7.0.
Results
A. Plasma LPS During an OLTT
LPS has been reported to increase in plasma during an OLTT in humans [13] , and therefore we sought to determine whether rifaximin affected baseline or postlipid LPS levels. As described in "Materials and Methods," we developed two methods for detecting LPS during the OLTT that address important methodological concerns about sample interference by triglycerides [31] , which increase after digestion of the lipid meal during an OLTT. Both the conventional and the modified LPS assays use a "no LAL" control to account for interference by triglycerides, and the assay is highly sensitive, which allows for dilution and minimizing of other interfering substances. We assessed the conventional assay using the baseline OLTT plasma from a cohort of obese subjects that we recently described [32] . These subjects had a body mass index of 37.3 6 1.2, mean age of 53.4 6 2.8, and were insulin resistant [32] . The conventional LAL assay did not detect an increase in LPS during an OLTT despite a substantial increase in triglyceride levels (Fig. 1) .
We developed a modified assay that uses heat inactivation and protease pretreatment to remove LPS binding proteins that mask LPS from detection by the LAL assay. This modified assay was evaluated on the baseline OLTT plasma from the subjects in this study, and this revealed that unmasked LPS significantly increases during an OLTT (Supplementary Fig.  1B ; P , 0.0001) [33] . Furthermore, analysis of the control reactions in which we omitted LAL showed that there was no assay interference because the signal was very low and there was no increase in absorbance in samples during the time course of the OLTT ( Supplementary  Fig. 1B ) [33] . We therefore used this assay to assess postprandial plasma LPS during the OLTT of the subjects in this study, and did not perform conventional LPS assays. LPS detected by the modified assay is referred to as unmasked LPS.
Triglyceride levels significantly increased and then decreased with time in the placebo and rifaximin treatment groups during the OLTT ( Fig. 2A-B ; P , 0.0001), but neither treatment changed the response. As shown in Fig. 2C-D , unmasked LPS levels in plasma rise and then fall during the OLTT (P , 0.0001). However, neither placebo nor rifaximin treatment significantly changed the unmasked LPS levels during the OLTT or at baseline (0 hours).
Although we did not find treatment differences in plasma LPS levels during the OLTT, the modified LAL assay using protease pretreatment to unmask LPS should be useful to others wishing to study postprandial endotoxemia. An important finding from these studies is that LPS increases in plasma of obese subjects during an OLTT, but it is masked from the LAL assay because we only detect it if we use protease pretreatment (compare Supplementary Fig.  1A and Supplementary Fig. 1B) ; see "Materials and Methods" for additional details. Furthermore, the conventional LAL assay detects a small level of free or unmasked LPS that is much lower than the level of masked LPS (compare Fig. 1B to Fig. 2C-D) .
B. Metabolic Homeostasis
We performed OGTTs and euglycemic clamping before and after treatment to assess glucose homeostasis and insulin sensitivity. The results for each treatment and analysis of whether there was a difference in treatments are presented in Table 1 . There was a substantial difference in treatment outcomes for the GIR obtained using high insulin because rifaximin treatment caused a slight decrease and placebo caused a slight increase in GIR (Table 1 ; treatment P 5 0.03). However, the results of each treatment did not reach statistical significance (Table 1 ; placebo, P 5 0.12; rifaximin, P 5 0.14). Table 1 also shows that fasting insulin (P 5 0.05) and HOMA IR (P 5 0.05) significantly increased after rifaximin treatment, and there was a trend for an increase in fasting blood glucose; however, there was not an important difference in treatment outcomes for these results (Table 1) . Together, these results suggest that rifaximin slightly reduced insulin sensitivity. Other plasma lipids were measured in addition to the triglyceride levels during the OLTT presented in Fig. 1 , but did not significantly change (Table 1) . Finally, we determined whether rifaximin treatment altered incretin secretion because there is evidence linking the gut microbiota to incretin secretion [40, 41] . As shown in Supplementary Fig. 2 [42] , GLP-1 and GIP secretion was not significantly changed during the OGTT or the OLTT by rifaximin treatment. Figure 1 . Measurement of plasma LPS during the OLTT using conventional LAL assays. (A) Plasma was collected from a cohort of obese research participants [32] at the indicated time after ingestion of lipid and triglyceride was measured. (B) LPS was measured using Genscript ToxinSensor assays in heat-inactivated plasma as described in "Materials and Methods." The data represent mean 6 SEM (n 5 8) and were analyzed by repeated measures ANOVA.
C. Adipose and Systemic Inflammation
We measured plasma IL-4, IL-6, MCP-1, and TNF-a. IL-4 was below the limit of detection. Plasma TNF-a was lower after rifaximin treatment, but we did not detect a substantial difference between rifaximin and placebo treatment ( Table 2 ; P 5 0.44). We measured inflammatory and anti-inflammatory cytokine gene expression in subcutaneous white adipose tissue (SC WAT) by real-time RT-PCR. As shown in Table 2 , we only detected a treatment difference for IL12B mRNA expression (P 5 0.01); however, this was driven largely by increased IL12B mRNA expression after placebo treatment (P 5 0.05). There was a trend for increased IL4 expression and an important decrease in TNF after rifaximin treatment, but we did not detect a substantial treatment difference between placebo and rifaximin treatment in the mRNA expression of either of these cytokines ( Table 2 ). The reduction of adipose tissue TNF mRNA expression is consistent with the reduction in plasma TNF levels. Overall, these results suggest that rifaximin treatment does not improve systemic or SC WAT inflammation.
D. Conclusions
The majority of plasma LPS is masked from detection by LAL assays, but can be detected with a protease pretreatment step that unmasks LPS. Unmasked LPS increases during an OLTT in obese human research participants. Rifaximin treatment did not reduce change baseline or plasma unmasked LPS during an OLTT. Consistent with this, rifaximin treatment did not improve glucose or lipid homeostasis or SC WAT inflammation. Figure 2 . Measurement of plasma LPS during the OLTT using a modified assay that uses protease pretreatment to unmask LPS. (A, B) Plasma was collected at the indicated time of the lipid tolerance test before and after placebo or rifaximin treatment as indicated, and triglyceride was measured. (C, D) LPS was measured using Genscript ToxinSensor assays in heat-inactivated, citrated plasma that was treated with an endotoxin sample preparation kit as described in "Materials and Methods." The data represent mean 6 SEM (n 5 6) and were analyzed by repeated measures two-way ANOVA.
Rifaximin treatment slightly worsened insulin sensitivity and did not improve any measure of metabolic homeostasis.
Discussion
Many studies have drawn a link between the gut microbiome and metabolic homeostasis. One potential cause of chronic obesity-induced inflammation is the attachment of LPS to intestinally derived lipoproteins, which would then enter the circulation and activate TLR4 [22, 23] . We hypothesized that rifaximin would improve insulin sensitivity by lowering plasma LPS and adipose and systemic inflammation. Indeed, rifaximin has been demonstrated to lower plasma LPS in patients with hepatic encephalopathy, and the decrease in LPS correlates with the lowering of ammonia levels [43] . Furthermore, treatment of mice with antibiotics has clear effects on glucose tolerance [24] . After analyzing the effect of rifaximin SSD on plasma LPS in six subjects, it was apparent that plasma LPS was not being reduced by treatment; therefore, we would not be able to address our initial hypothesis. Furthermore, there was no evidence of improvement in insulin sensitivity, and there was therefore no justification for continuing the study. A limitation of the results presented, therefore, is the small sample size. Although not statistically significant, there were baseline differences between the groups in aspects of the OGTT such as HOMA IR. A larger study would be needed to normalize baseline differences and detect small changes in plasma or adipose inflammatory cytokines and relate these to the small reduction in insulin sensitivity. Finally, the The results for each treatment were analyzed by a paired, two-tailed Student test. Treatment differences were determined by calculating the change (post-pre) caused by each treatment and performing an unpaired, two-tailed Student test.
a Data represent mean 6 SEM (n 5 6). unexpected lack of effect of rifaximin SSD on endotoxin levels in these obese, insulin resistant subjects raises the question of whether there is something different in patients with cirrhosis, who are responsive. Consistent with our findings, a recent study of rifaximin treatment in subjects with nonalcoholic steatohepatitis found that rifaximin treatment worsened insulin resistance [44] . Our study did not identify any factors that would worsen insulin sensitivity such as an increase in adipose inflammation, an increase in any of the inflammatory cytokines that we measured in plasma, or plasma LPS (unmasked). Additional gut microbiota factors besides LPS that influence insulin sensitivity have been identified [45, 46] . It is thus possible that rifaximin treatment changed the gut microbiome in some manner to alter these or other factors to reduce insulin sensitivity. Together, these studies point to the complexity of the gut microbiota with regard to metabolic disease. This study attempts to modify the gut microbiota of obese humans with an antibiotic and then measure metabolic changes. Other studies have found that rifaximin reduces plasma LPS in patients with liver disease [28] [29] [30] , but they used an assay that was different than the one we developed for this study (see the following section and "Materials and Methods"). It is also possible that rifaximin SSD, which was used in this study, has different effects on plasma LPS than rifaximin. Future studies may want to increase the dose of rifaximin SSD and consider effects on both the gut microbiome and plasma endotoxin.
Given the strong association between plasma LPS, adipose inflammation, and insulin sensitivity [14] [15] [16] [17] [18] [19] [20] [21] , strategies to reduce endotoxemia may be valuable therapies, but evaluation of such therapies will require a reliable LPS assay. We used the endotoxin sample preparation kit and high-sensitivity endotoxin detection assays to develop a method to detect unmasked LPS in the plasma. Importantly, we included a no-LAL enzyme control to demonstrate that the plasma did not interfere with the assay. Caution should be used when measuring plasma LPS; we recommend performing the no-LAL enzyme control because it is possible that plasma from subjects with hypertriglyceridemia may interfere with the assay. Using this method, we demonstrated that plasma LPS increased during an OLTT when we included a protease pretreatment step to unmask the LPS. However, we did not observe an increase in plasma LPS using the conventional method, where LPS is heavily masked. Other studies have reported increased LPS in plasma following a lipid meal using a conventional assay [13] . A possible explanation is that we used a kit with higher sensitivity that allows for sample dilution to better reduce interfering substances, and we also diluted the samples prior to heat inactivation. The use of the two LAL assays presented here should be useful to other investigators who wish to quantify plasma LPS.
